Introduction
The gold standard of breast cancer detection, mammography, has the limitations of having high false positive and negative rates [1, 2] , and patient's exposure to ionizing radiation and painful compression. In this paper, we propose a novel method for breast cancer detection using a parallel-plate waveguide probe (PPWP) for S 11 measurements. A tumor present alters the S 11 or reflection coefficient at the aperture of the PPWP. The larger the dielectric contrast between a healthy tissue and a tumor, the larger is the contrast in the reflection coefficient measured. In the presence of a tumor, the reflection coefficient will have resonance; and its resonant magnitude can distinguish a tumor from a clutter of a much lower dielectric constant.
Theory and Derivation
The device PPWP, consist of two flanged parallel plates, with transverse electric and magnetic (TEM) mode waves propagating as shown in Fig. 1 . To simplify the analysis, the probe of width 2a is infinite in extent in the y-axis, with flanges infinite in extent in both the x-and y-axes. The PPWP acts as the microwave source radiating into the breast tissue. Derivations of the radiated fields can be found in [3] . At the aperture of the probe, the reflection coefficient (for healthy tissues without any tumor) is given by
where i x E and r x E are the incident and reflected electric fields at the aperture of the PPWP respectively.
Consider a plane wave incident into the PPWP, the incident and reflected magnetic fields in Region II, and transmitted field in Region I, as shown in Fig.1 , are given respectively as Applying boundary conditions to the previous equations, one obtains
where 
The transmission coefficient at the aperture of the PPWP Ĳ 0 is thus derived as
where i x E and t x E are the incident and transmitted (or received) electric fields at the aperture and b 0 is the amplitude of the dominant mode transmitted magnetic field in Region I.
Mie scattering of a dielectric body [4] forms the basis for the detection technique. For simplicity of analysis, the incident field ( , ) = II x E x z h onto the small spherical tumor embedded at z=h is assumed to be locally plane (see Fig. 1 ), and the effect of skin is ignored. In the presence of a tumor, the reflection coefficient ī t , or the backscattered signal in S 11 measured at the aperture of the PPWP would thus be expressed as 0 0
E r h is the backscattered field at the aperture of the probe due to the presence of the tumor.
Methodology
The PPWP is designed for only dominant mode wave propagation in 1GHz to 7GHz. S 11 is measured at different positions of the breast. Performing N measurements, there can be N C 2 numbers of ǻī (differences in S 11 ) obtained. An absence of resonance with respect to frequency and amplitude in ǻī indicates that no tumor at the positions where the two measurements of S 11 are made. However resonant ǻī indicates one of the pair of S 11 measurements is from the tumor. Eliminating the positions with no tumor, the final position of the tumor can thus be found. To obtain precise data of the size and location of the tumor, a frequency scan of ǻī/Ĳ 0 (normalized ǻī) for the resonant backscattered amplitudes and frequencies is used instead as the receiving characteristic of the PPWP Ĳ 0 is dependent on its width 2a.
Results and Discussion
Consider a spherical tumor of diameter d 0 embedded in the breast tissue at a depth h from the surface. The breast and the PPWP with dimension 2a=6mm are immersed in a breastresembling phantom to minimize reflections due to interfaces between different media. The frequency dependence of the dielectric properties is modelled using a first order Debye dispersion equation 
where İ 0 is the free space permittivity and Ȧ is the angular frequency. Debye parameters used to fit data for the normal and malignant breast tissue are as given in [5] . Clutter item (tissue heterogeneity) with dielectric properties that vary +30% that of the normal tissue is included in the breast model used [6] .
Assuming three measurements of reflection coefficients are made on the breast at different positions, denoted as ī 1 (detected at a position where a tumor of d 0 =7mm surrounded by healthy tissue is embedded at h=2cm from the surface); ī 2 (detected at a position with surrounding healthy tissue); and ī 3 (detected at a position where a clutter of d 0 =7mm surrounded by healthy tissue is embedded at h=2cm from the surface). Three readings available will result in three ( 3 C 2 ) combinations of differences of ǻī. Fig. 2 shows the plot of the magnitude of the normalized difference ǻī/Ĳ 0 at various positions of the breast. The graphs depicting the magnitude of the normalized differences between ī 1 and ī 2 , and between ī 1 and ī 3 , display two resonances at the frequencies 3.9GHz and 6GHz. However, there is no obvious resonance in the ǻī/Ĳ 0 due to ī 2 and ī 3 , where none of these reflection coefficients contain the tumor backscattered signal. The amplitude of this ǻī/Ĳ 0 is also much smaller than those involving ī 1 . This large difference in backscattered power is useful in differentiating the presence of a tumor from that of a clutter of the same size. In general, larger scatterers resonate at lower frequencies f r , and backscatter larger power. Furthermore, larger backscattered power results from the larger the dielectric contrast between the scatterer (tumor or clutter) and the surrounding tissue.
The size of the tumor can be determined from the resonant frequency f r from the plot of ǻī/Ĳ 0 which contains the backscattered signal from the tumor. Tumors of different sizes will resonate at different frequencies as found in Fig. 3 which shows the ǻī/Ĳ 0 for tumor of diameters d 0 varying from 4mm to 7mm at a depth h=2cm. The smaller the tumor, the higher is the resonant frequency. This resonant frequency is independent of the depth h, ǻī/Ĳ 0 resonates at the same frequencies regardless of the tumor depth. After determining the size of the tumor, the depth of location of the tumor may be estimated from the calibrated amplitudes of ǻī/Ĳ 0 as received signal depends on the tumor's location.
In conclusions, simulations showed the resonating backscattered signals may be used to estimate the size and location of the tumor, with the assumption that the tumor has higher dielectric constant than the surrounding tissues. 
